Stretch-activated ion channels  by Sackin, Henry
Kidney International, Vol. 48 (1995), pp. 1134-1147
Stretch-activated ion channels
HENRY SACKIN
Department of Physiology and Biophysics, Cornell University Medical College, New York New York, USA
Mechanosensitive or stretch-activated (SA) channels respond
to membrane stress by changes in open probability. These chan-
nels exist in auditory cells, stretch receptors, muscle spindles,
vascular endothelium, and other neurosensory tissues where their
physiological function seems readily apparent. It is less obvious
why non-excitable cells, such as those of blood and epithelial
tissues, need channels that respond to mechanical stimuli. Clearly,
all cells must cope with the dual problems of volume regulation
and electrolyte homeostasis. Since the primary function of epithe-
ha is salt and water transport, these cells face both extracellular
and intracellular osmotic challenges. For example, Na transport-
ing epithelia in the intestine and kidney must accommodate
significant variations in net solute uptake without suffering de-
structive changes in cell volume, caused by slight discrepancies
between influx and effiux [1].
Since volume is a physical property of the cell, it can only be
sensed physically, or mechanically. Although cell swelling may
dilute the concentration of certain impermeants that could con-
ceivably function as intracellular volume sensors, a volume-
controller that relies on chemical sensors is inherently unstable
because chemical concentration is affected by multiple factors
within the cell. A reliable feedback system for short-term volume
regulation ultimately requires some type of mechanical sensor to
convey information about cell size. Similarly, regulation of cell
growth may also require specific mechanotransducers that detect
physical changes in cell size and shape. Conversely, the abnormal
growth of cancer cells could involve a breakdown of such a
mechano-transduction system.
Functional classification of SA channels
Stretch-activated cation channels
The original family of mechanosensitive, cation-selective, ion
channels was discovered (probably by accident), in chick skeletal
muscle [2] and embryonic Xenopus muscle [3], while applying
pipette suction during seal formation. An early record of mech-
anosensitive channel activity is illustrated in Figure 1, taken from
a patch-clamp study on muscle from larval Xenopus [3]. Clearly,
the application of suction via the patch pipette increases channel
activity without significant alterations in current amplitude or
conductance, indicating that mechanical forces affect channel
gating and not channel conductance.
Subsequently, stretch-activated cation channels were identified
in a variety of tissues [4—8], including opossum kidney cells [9]
and amphibian proximal tubule [10, 11] and diluting segment [12].
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The channels are consistently cation selective, sometimes with a
slight preference for K over Na, and hence, the nomenclature
SA-cat will be used. Their single channel conductance ranges from
25 to 35 p5 (in normal bathing solutions). The trivalent Ian-
thanide, gadolinium (Gd), was found to completely block the
channel at low concentrations [11, 13]. Although this blocker is a
useful tool for identifying SA channels and relating them to
macroscopic currents (See section IV), it is not entirely specific
for the SA-cat channel since it also blocks some calcium channels
[14] and endplate channels [13]. Fortunately, this is not a serious
drawback for epithehial studies.
The significant calcium permeability of the SA-cat channel
raised the possibility that Ca might function as a second messen-
ger for translating mechanical stress into regulation of ion trans-
port. This would be particularly appropriate for volume regula-
tion. An example is the choroid plexus response to hypotonic
shock, where opening of SA-cat channels presumably increases
cytosohic Ca sufficiently to activate Ca-dependent maxi-K channels
[4]. This type of coupling seemed to establish a clear function for
the SA-cat channel as a regulator of cytosohic calcium.
Cell volume regulation. The SA-cat channel has been implicated
as a mediator for two types of Ca-dependent, K channels, both of
which are activated by hypotonic shock: [1] a small conductance
(l5pS) Ca-dependent K channel in opossum kidney cells [15] and
[2] a large conductance (150 PS) K channel in cultured MTAL
cells [16]. Stretch and osmotic activation of both these channels
appears to depend on extracellular Ca. The presumption is that
mechanical deformations of the membrane turns on SA-cat
channels and increases cytosolic Ca which then gates the Ca-
dependent channels.
Actually, the details of this cascade may be more complex than
originally proposed. Studies on both opossum kidney cells and
cultured TALH indicate that release of Ca from internal stores
may be as important as extracellular Ca for the hypotonic RVD
response [17]. Fluorescence measurements of cytosolic Ca in
rabbit proximal tubule during cell swelling suggested that the
changes in free intracellular Ca during swelling were too small to
activate Ca-dependent maxi-K channels [18]. It is still possible
that SA-cat channels could establish unstirred layers of elevated
Ca concentration adjacent to the interior of the cell membrane,
and that these (micromolar?) levels of Ca could gate Ca-depen-
dent channels. In any case, calcium appears to be important for
normal RVD in a number of epithehial preparations [19—21].
A subgroup of mechanosensitive channels, seen in the opossum
kidney cell line [9], resemble the SA-cat channel in conductance
(22 PS) and permeability to divalents like Ca. However, they differ
from most SA-cat channels by displaying a significant permeability
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to anions like Cl. The exact nature of anion permeation through
this channel is unclear. Furthermore, it appears that the cation
conductance of the channel is affected by the presence of chloride.
These opossum kidney channels are activated equally well by
either pipette suction or hypotonic shock. This makes them
possible mediators of the renal RVD response, provided they
allow significant amounts of Ca to enter the cell during swelling.
A small conductance channel (15 pS), that is gated by calcium
[15], may be functionally coupled to this SA channel since it is
active during hyposmotic shock. In contrast to maxi-K channels,
the 15 pS Ca-dependent K channel activates at lower levels of
intracellular Ca (at normal membrane potential), making it a
better candidate than the maxi-K for eliminating K from swollen
cells.
Calcium permeation through stretch-activated cation channels
may also regulate chloride currents essential for hypotonic volume
regulation. The prevalence of SA-cation channels in Xenopus
oocytes (>106 per oocyte) suggests that these channels might play
a role during ovulation into pond water. Given the low osmotic
strength of this environment, some type of volume regulatory
process would be advantageous for species survival. The finding of
several types of Ca-activated chloride currents in Xenopus oocytes
[22—24] raises the possibility that oocyte volume regulation may be
mediated by swelling-induced Ca permeation through SA chan-
nels.
Recent experiments in our laboratory indicate a temporal
correlation between oocyte swelling and increases in the open
probability of single SA-cation channels. Since the P0 of these
channels was effectively zero in the absence of pipette suction or
cell swelling, any volume-induced increase in SA-cat activity
would provide a pathway for Ca influx into the oocyte. In
cell-attached patches on five separate Xenopus oocytes, a 50%
reduction in bath osmolarity increased single channel P0 from 0 to
0.06 0.01 within six minutes. Although correlations of this kind
do not prove that Ca influx is essential for volume regulation, they
do establish that cell swelling can produce sufficient membrane
tension to activate endogenous SA-cation channels, that are
permeability to Ca.
Fig. 1. Early record of mechanosensitive channel
activity. Channels were recorded from a cell-
— closed attached patch on myotomal muscle of Xenopuslaevis tadpoles in the absence of exogenous
ACh (seal > 100 Gfl). The top two panels
indicate openings which are apparently
spontaneous in origin. Gentle suction was
applied in the interval designated by the arrows.
This resulted in a large increase in the
frequency of opening of this channel type
(Reproduced from Fig. 9, Brehm et al: J Physiol
350:631—648, 1984. Used with permission.)
Morphogenesis. Mechanosensitive channels may be important in
the cytokinetic events associated with morphogenesis and embry-
onic development. The dramatic changes in cell shape that occur
during cleavage cycles of the early embryo would produce suffi-
cient increases in membrane tension to induce Ca influx via these
SA-cation channels. This influx of Ca coupled with release of Ca
from intracellular stores could trigger active contraction of cy-
toskeletal elements essential for the morphogenic movements
associated with gastrulation. For example, there is evidence that
Ca entry via SA-cation channels stimulates a propagated stretch-
activated contraction that causes neural tube closure in develop-
ing oocytes [25].
Capillary endothelium and atrial cells. The SA-cat channel may
also be involved in mechanotransduction of shear stress forces in
blood vessels. Studies on cultured endothelial cells from pig aorta
reveal a cation selective channel with a single channel conduc-
tance that varies between 39 p5 in physiological saline solutions to
19 pS in solutions where calcium is the primary current carrying
ion [26]. Under these conditions Ca fluxes appear as unitary
currents of about ito 2 pA that are reversibly activated by 15 mm
Hg pipette suction. The kinetics of this vascular endothelial
channel are similar to those of the SA-cation channel found in
chick skeletal muscle and Xenopus oocyte. The channels are
normally quiescent in the absence of pipette suction, but applica-
tion of negative pressure to the pipette increases P0 and decreases
the duration of the longer closed state. This raises the possibility
that changes in blood pressure and shear stress associated with
flow over the capillary endothelium might be sufficient to turn on
SA-cat channels. The relatively high selectivity of these channels
(PCa/PNa = 6) [26] could permit sufficient entry of Ca to stimulate
synthesis and release of endothelial relaxing factor and subse-
quent vascular vasodilation.
Similar SA-cation channels have been reported in cells isolated
from pig coronary arteries where single channel conductance
varied from 36 pS in normal K solutions to ii p5 in high Ca
solutions [27]. Smooth muscle cells isolated frois the stomach
muscularis of the toad Bufo marinus exhibit a similar SA-cation
channel whose single channel conductance ranges from 60 pS in
— closed
13 pA
200 ms
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Fig. 2. Effect of bath dilution on cell volume and channel
activity. All experiments on isolated, polarized Necturus
proximal cells, suspended by patch pipettes in flowing
solution. A. Relative cell volume as a fuction of time
after a 50% dilution of extracellular electrolytes (N =
10 animals). B. Basolateral single channel currents
— during one experiment. Isotonic bath: sodium chloride
Ringer solution. 50% dilution: half sodium chloride
Ringer. Pipette: potassium chloride Ringer. Transpatch
potential 0 mV. Downward defleetions from the
closed state (horizontal bar) denote inward (K) current.
(Reproduced from Filipovic and Sackin: Am J Physiol
262:F857—F870, 1992; used with permission.)
normal K solutions to 19 pS in high calcium [28]. It is not clear
whether the conductance differences in channels from these three
preparations are significant enough to suggest more than one class
of SA-cat channel in smooth muscle.
Osteoblasts, lens and plant cells. Osteoblasts at the surface of
bone matrix are instrumental in synthesizing bone matrix proteins.
The finding of three types of SA channels in human osteoblast
osteosarcoma G292 cells [291 suggests the paradigm where me-
chanical stress activates a cation selective channel allowing a
sufficient influx of Ca into the cell to gate Ca-dependent K
channels. Although the role of Ca-dependent K channels in bone
growth is still unclear, one possibility is that an increase in K
channel activity offsets the cell depolarization produced during
stress-induced elevations of cyclic-AMP [30].
A mechanosensitive channel has also been seen in amphibian
lens preparations [5]. Its ion selectivity is similar to SA-cat but it
has a slightly higher single channel conductance, 5OpS compared
to the 20 to 30 pS of other SA-cats. Since it is the only channel in
the lens that appears to be stretch sensitive, it is distinguished by
the label, CAT-SO. This channel could play a role in cataract
formation since any increase in lens pressure would activate
CAT-50's and allow abnormal amounts of sodium, calcium and
water to enter the cell. The influx of Na would also depolarize the
lens, producing a greater driving force for K exit. The resulting
increase in Na and decrease in K is observed in many types of
cataracts.
Stretch-activated potassium channels
In addition to the large SA-cat family of mechanosensitive
channels, there are smaller families of mechanosensitive channels
that are less widely distributed among different species but are
more selective for particular ions. SA channels displaying a
predominant selectivity for K will be labeled SAKS, and can be
grouped into two broad classes based on their sensitivity to Ca.
Ca-insensitive SAKS. In many cells, short-term volume regula-
tion after exposure to hypotonic media is accompanied by efflux of
solutes and water out of the cell [31]. In epithelia, this volume
regulatory phase (or RVD) seems to occur via a barium-sensitive
K efflux [32, 33], together with a chloride flux [34], where K and Cl
ions leave the cell via separate channels [35]. Although K channels
definitely seem to be involved in short-term epithelial volume
regulation, there is no unified theory for how this occurs. In
mammalian renal cells, K channels seem to be regulated indirectly
by Ca, pH, and possibly ATP levels. In contrast, many of the
K-selective channels found in amphibian cells are directly acti-
vated by stretch.
Two types of SAK channels were found at the basolateral
membrane of Necturus proximal tubule: [1] a short-open time
A 3.0
a)
E
2.0
a)
1.0
Isotonic bath
5minof5o%
hypotonic bath
—
short open-timelong open-time
15 mm of 50%
hypotonic bath
5 pA
______
50 msec
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Fig. 3. Effect of pipette suction on single channel currents in an excised (inside-out) patch on an intercalated cell from rabbit cortical collecting tubule. Pipette
contained 50 ms NaCI, but no added Ca. Bath (cytosolic side) contained 140 mrvi KCI with Ca maintained at pCa = 7with BAPTA. Holding potential
was —40 mV, interior side of the membrane positive. (Reproduced from Pacha et al: Am J Physiol 261:F696—F705, 1991.)
flickering SAK with conductance of about 45 pS and mean
open-time on the order of 1.5 ms [36, 37], and [21 a longer
open-time SAK with conductance of about 30 pS and mean open
time between 40 and 50 ms [37, 38]. In addition to being activated
by pipette suction, these K channels were also sensitive to osmotic
swelling. Hyposmotic solutions increased P0, without changes in
conductance or channel selectivity, in both K depolarized cells
[39], as well as cells maintained in Na-Ringer solutions (Fig. 2)
[37]. In the latter case, measurements of electrical potential
during hyposmotic shock indicated that the accompanying
changes in membrane potential were not large enough to affect
the relatively weak voltage dependence of this channel. The
similarity in the kinetic response to both swelling and pipette
suction [39] suggests that cell swelling activates these SAK
channels via mechanical forces rather than by release of some
intracellular mediator. The role of chemical signaling during
RVD may be more important in mammalian cells than in
amphibian cells.
Ca-sensitive SAKS. There are now a number of preparations in
which what appear to be maxi-K channels also display a direct
sensitivity to stretch. The channels retain their characteristic steep
dependence on voltage and Ca sensitivity but also respond directly
to increases in membrane tension, even when Ca concentrations
are tightly controlled. Maxi-K channels have been identified at the
apical membrane of rat and rabbit cortical collecting tubule
(CCT) that react independently to the three variables: voltage,
cytosolic Ca, membrane stretch [40]. Surprisingly the density of
maxi-K channels on intercalated cells (IC) was much higher than
on principal cells (PC). The example of Figure 3 is taken from an
excised (inside-out) patch on an intercalated cell of rabbit CCT
where the calcium at the cytoplasmic side of the patch was
buffered to iO M, and there was no Ca added to the NaC1
pipette solution [40].
Successive application of negative pipette pressure dramatically
increased the mean number of open channels in this excised patch
(Fig. 3). Upward deflections denote outward K movement from a
140 mrvi KCI cytoplasmic-side solution into the Na containing
pipette. Although these channels are sensitive to elevations in
cytosolic side Ca, it is unlikely that the observed increase in P0 is
due to a change in calcium. With excised patches formed on
steeply tapered pipettes, the patch remains close to the pipette tip
so that the Ca at the inside face of the membrane should be
effectively buffered by BAPTA in the external bath.
Although there appeared to be no obvious effect of apical
hypotonicity in these cells, experiments on everted rat CCTs
indicate that reducing the osmolarity at the basolateral side of the
cell activates an apical, maxi-K channel that might be involved in
RVD (Note added in proof). However, it is not known with
certainty whether these channels responded to increases in cell
volume via changes in membrane tension or via some intracellular
mediator.
In addition to possibly being involved in hypotonic RVD, the
stretch-sensitive class of maxi-K channels could be important for
flow-dependent K secretion in distal tubule and CCT. Since
increases in flow rate (distal delivery) could increase CCT intralu-
minal pressure by as much as 6 or 7 mm Hg, SA maxi-K channels,
at the apical membrane of intercalated (and principal) cells, might
contribute to the flow-dependent K secretion observed in this
nephron segment.
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Stretch-activated anion channels
Mechanosensitive anion channels are not as prevalent as SA
cation or SAK channels. With the exception of chloride channels
in Ehrlich ascites tumor cells, most mechanosensitive anion
channels (SA-an) are large (> 300 pS) and often subject to
regulation by specific chemical mediators. For example, a mech-
anosensitive anion channel found in E. coli spheroblasts has a
conductance between 650 pS and 970 pS [41] and is readily
activated by amphipathic compounds via a mechanism that may
(or may not) be distinct from its mechanosensitive activation [42].
A mechanosensitive anion channel of about 100 pS has been
observed in tobacco protoplasts that is consistently stretch-acti-
vated in both cell-attached and excised patches [43]. It is not
known whether this channel responds to changes in osmolarity.
A 305 pS mechanosensitive anion-selective channel has also
been described in a cell line (RCCT-28A), which has the pheno-
type of a-intercalated renal CCT cells. Both pipette suction and
hyposmotic solutions activated this channel, which suggests that it
might be involved in hyposmotic volume regulation [44]. In
addition, exposing these cells to dihydrocytochalasin B dramati-
cally increased the stretch-sensitivity of the channel [45]. This
effect is similar to what has been seen with SA-cat channels [2].
However, an important difference is that the SA-an channel is not
only activated by stretch/swelling, but is also activated by an
inositol lipid cascade involving: a membrane bound phospholipase
C, diacyl-glycerol, protein kinase C and a G protein [46]. The net
result is the opening of a significant pathway for Cl efflux during
RVD. Direct stretch-activation of protein kinase C has also been
reported for rat skeletal muscle [47].
Since many chloride channels are activated by cAMP, it is
interesting that cAMP production is sometimes modulated by
membrane tension [48]. This may constitute a novel "indirect"
form of anion channel stretch-activation. In fact, both mechanical
deformation and hyposmotic swelling increase the production of
cAMP in S49 mouse lymphoma cells [49]. The possibility that
membrane tension activates adenylate cyclase in much the same
way that it activates certain ion channels is reinforced by how
closely the secondary and tertiary structure of adenylate cyclase
resembles the multiple membrane spanning domains of many ion
channels [50]. Furthermore, disruption of actin microfilaments by
cytochalasin B increased cAMP content of S49 cells [49]; however,
cells that were pre-treated with cytochalasins exhibited no further
increase in cAMP after osmotic swelling [48]. Hence, an intact
cytoskeleton may be required for mechanostransduction systems
of this type. Presumably mechanical forces are focused via cy-
toskeletal filaments onto the membrane-bound adenylate cyclase,
perturbing its structure in a way that increases catalytic activity.
Mechanics of stretch-activation
Properties common to SA channels
Increase in open probability. Despite profound differences in
kinetics, ion selectivity and stretch sensitivity, there are a surpris-
ing number of properties common to the different classes of SA
channels. In all SA channels studied to date, mechanical stimuli
induce an increase in open probability, without significant changes
in either single channel conductance or ion selectivity. This
preservation of selectivity and conductance reinforces the notion
that membrane stretch gates the channel. At high levels of suction
"breakdown currents" do occur, but these can be readily distin-
guished from discrete openings that characterize channel cur-
rents.
A membrane specific phenomena. Stretch-activation is a mem-
brane (or membrane-cytoskeletal) phenomena. It does not seem
to involve soluble cytosolic messengers or insertion of pre-existing
cytoplasmic channels. The principal evidence for this comes from
the repeated observation that mechanosensitive channels can be
stretch activated in cell-free excised patches. This effectively rules
out mediators like Ca, ATP, etc., provided the excised patch is
formed near the tip of the pipette. Nonetheless, a variable amount
of cytoskeleton often remains attached to an excised patch, and
the stimulus for an increase in P0 may be more complicated than
simply membrane tension.
Stretch activation in excised patches also rules out any mecha-
nism dependent on insertion of channels from the cytoplasm. This
has been proposed to explain osmotically induced changes in
urinary bladder conductance [51]. Rapid reversibility of channel
activation is another argument against channel insertion as an
explanation of mechanosensitivity. Many SA channels reversibly
activate on a time scale that is much faster than membrane fusion
processes. Finally, SA channels can be turned on by both positive
and negative pipette pressures, even though it is technically more
difficult to stabilize the seal during application of positive pres-
sure. This finding rules out the possibility that pipette suction is
somehow mechanically drawing channels or channel components
into the patch. If this were the case, positive and negative pipette
pressures should not have the same effect on P0.
A common kinetic scheme. In addition to gross similarities in
their general mode of activation, mechnoserisitive channels also
display subtle similarities in the kinetics of their activation. Most
SA channels activate in bursts of flickering openings, although the
extent of flicker seems to be greater in SAKs than SA-cats.
Despite differences in conductance, selectivity and kinetics, suc-
tion appears to increase the frequency of bursts to the open state,
in both types of channels.
Some of these qualitative features of stretch-activation kinetics
were described in models proposed by Sachs et al (Fig. 4A). In this
scheme there is one open state, with a mean open time that is
relatively unaffected by stretch [2]. Three closed states are ar-
ranged in a linear fashion, where only the rate constant governing
transitions out of the longest closed state is stretch sensitive. This
model (Fig. 4A) is consistent with data on stretch-activated
channels from molluscan heart cells [52] and chick skeletal muscle
[2]. Mechanosensitive channels from amphibian proximal tubule
have a similar kinetic scheme (Fig. 4B), except that only two
distinct closed states can be resolved [39]. As with the first model,
the predominant effect of pipette suction is to increase the rate
constant (k21) governing transitions out of the longest closed
state.
Alternative kinetic schemes. The linear kinetic scheme with a
single open state and contiguous closed states is based to some
extent on exclusion of other possible models. For example,
Models B and C (of Fig. 4) were compared using single channel
data from patches on the basolateral membranes of Necturus
proximal tubules and equations developed by Colquohoun and
Hawkes [53]. In model B (contiguous closed states) both suction
and hypotonic swelling significantly increased the rate constant
k21 governing transitions between the interburst closed state and
the flickeringly closed state (Table 1). Pipette suction also pro-
duced a small increase in the rate constant k13 compared to
control; however, the change in k13 was not significant during
hypotonic swelling. Even if stretch activation involves more than
one rate constant, the direction of the changes are consistent with
the general appearance of SA currents during stretch.
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Fig. 4. Possible kinetic schemes for stretch-activated channels. Model A was originally proposed for SA channels in chick skeletal muscle cells [2]. The
mechanosensitive rate constant governs transitions Out of the longest closed state. Model B is a variation of this, appropriate for amphibian preparations,
in which the mechanosensitive rate constant governs transitions between the interburst closed state (#2) and the flickery closed state (#1). In Model
C, the open state is surrounded by two closed states. Rate constants (Table 2) derived from model C are counter-intuitive to the qualitative behavior
of currents during suction.
Table 1. Rate constants for linear kinetic model with two contiguous
closed states
Open time
rate Constant
(msec)1
k31
Closed tim
k13
e rate Constan
k12
ts (msec)
k21
Control 1.3 0.2 0.19 0.04 0.31 0.04 0.06 0.004
Suction 1.2 0.05 0.29 0.06" 0.22 0.04 0.14 0.02"
(—6 cm H20)
Cell swelling 1.1 0.1 0.23 0.05 0.17 0.02" 0.20 0.03"
(95 mOsm
hypotonic)
Data for this table were obtained on K-selective SAK's at the basolat-
eral membrane of Necturus proximal tubules. Rate Constants were deter-
mined from model B (Fig. 4), using equations developed by Colquhoun
and Hawkes [53].
a Denotes significantly different from control values
If the same data are fit to the model of Figure 4C with a single
open state flanked by two closed states, the predicted changes in
rate constants are counter-intuitive to the process of stretch
activation (Table 2). Although suction and swelling still increase
k21, which governs transitions between the interburst state and the
open state, suction now increases k12 by 37%. Since k12 is the rate
constant for transitions between the open state and the longer
closed state, it is hard to reconcile an increase in k12 with the
observation that suction always decreases the interburst closed
time of the channel. This does not prove that Figure 4C is
incorrect, but comparisons of this type can provide an intuitive
basis for selecting one particular kinetic scheme over another.
Sigmoidal dependence of open probability. Early models for
mechanosensitive gating relied on a strict application of Hooke's
law to the elastic elements of the membrane, with the result that
the free energy of gating was dependent on the square of applied
tension [2, 54, 551. This model predicted a sigmoid dependence
similar to that of Eq [1], where K is a pressure independent
constant, 0 is the stretch sensitivity of the membrane, and T is the
applied tension. Although there is a good empirical basis for
equation 1 and it is usually possible to obtain a "good" fit to this
equation, the underlying assumptions of a T2 dependence are
incomplete [56].
P = (Eq.1)° 1 + Kexp[— 0T2]
(stretch)
A
OPEN
3
B
OPEN
3
C
CLOSED
3
K21
CLOSED CLOSED
1 2
K12
(stretch)
CLOSED
(stretch)
K21
OPEN CLOSED
1 2
K12
(activated ???)
K31
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Table 2. Rate constants for linear kinetic model with open state surrounded by two closed states
Open time rate constant (msec)1 Closed time rate constant (msec)
k13 k12 k13 + k12 k21 k31
Control 0.91 0.2 0.38 0.04 1.3 0.2 0.02 0.003 0.54 0.07
Suction (—6 cm H20) 0.68 0.1 0.52 0.04a 1.2 0.1 0.07 0.O1U 0.59 0.10
Cell swelling (95 mOsm hypotonic) 0.77 0.2 0.36 0.06 1.1 0.2 0.07 0.OP 0.54 0.06
Data for this table were obtained on K-selective SAK's at the basolateral membrane of Necturus proximal tubules. Rate constants were determined
from model C (Fig. 4), using equations developed by Coiquhoun and Hawkes [53].
Denotes significantly different from control values
A better representation for open probability can be derived by
assuming that the free energy available for gating is linearly [57]
(rather than quadratically) related to applied tension T. Open
probability, P,, will still be a sigmoid function of tension, but the
curve will have a slightly different shape and obey the equation:
max
— ThA - q VI
l+ke.exP[ kTk ]
where k0q is the equilibrium constant for channel opening in the
absence of stretch, A is the increase in channel cross-sectional
area during opening (A > 0), q is the total gating charge (in
coulombs) moving across the potential field during channel
opening (q > 0), k is the Boltzman constant, and Tk is the absolute
temperature in degrees kelvin.
In general, P0 can be thought of as a sigmoidal function of
tension with a dependence on T, T2 and voltage V. If the detailed
dynamic parameters of the channel are unknown (as is often the
case), P0 can be expressed in terms of four independent param-
eters (keq, a,b,c):
p max 301 + e[-aT2 -bT-c.V]
Without prior information about the values of these parame-
ters, a standard fitting algorithm will result in many equally good
fits to a given data set, all of which will be sigmoid functions of
applied tension. For example, Figure 5 illustrates data for the
SA-cat channel of the crayfish stretch receptor [55]. When P0 is
plotted as a function of pipette suction (in cm H20), the data can
be fit slightly better by an equation which assumes that the free
energy is linearly related to tension (dashed line in Fig. 5, fit by
Eq. 2) than by an equation which assumes that free energy varies
as the square of the tension (solid line in Fig. 5, fit by Eq. 1).
However, the difference in "goodness" of the fit is relatively
minor. Slightly more scatter in the data would make it impossible
to distinguish the two models on an empirical basis. The pressure
dependence of the SAK channel of Necturus proximal tubule is
illustrated in Figure 6. Both the quadratic and linear dependence
models fit the data equally well.
The sigmoid curve in Figure 6 was fit using equation 2 with an
effective stretch sensitivity of 0.62 (cm H20) or 0.84 (mm
Hg) This value is between 2 to 3 times larger than the stretch
sensitivity of the crayfish stretch receptor (Fig. 5), and is consis-
tent with the half maximal suction being much less for the
Necturus SAK than for the crayfish SA-cat channel.
Theories of mechanosensitive channel activation
PT=___
4
P0 = (Eq. 2) P0
1.0
0.8
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Suction, cm H20
Fig. 5. Effect of pipette suction on crayfish abdominal stretch receptor
neuron. Single channel open probability (Pt,) is sigmoidally dependent on
pipette suction, in which the exponential term is either a quadratic
function of tension (solid line, Eq. 1) or a linear function of tension
(dashed line, Eq. 2) (Reproduced from Erxleben: J Gen Physiol 94:1071—
1083, 1989; used with permission.)
Suction cm H20
Tension versus pressure. Early studies of mechanosensitive chan-
nels often contained tacit assumptions about the equivalence of
hydrostatic pressure and membrane tension. In fact these two
forces are orthogonal to each other, with pressure being exerted
perpendicular to the plane of the membrane and tension being a
force in the plane of the membrane. In thin walled spheres,
hydrostatic pressure (P) and membrane tension (T) are related
according to Laplace's law, where d0 is the diameter of the cell or
sphere:
(Eq. 4)
The issue of pressure versus tension was addressed in whole-cell
clamps on yeast spheroblasts of various sizes [58].
Swelling and membrane tension. The discovery of SA channels in
non-excitable cells immediately raised the possibility that these
channels were somehow involved in cell volume regulation. The
theoretical basis for the relation between cell volume changes and
membrane tension is deceptively simple, and depends primarily
on application of Laplace's law (Eq. 4) to an ideally elastic system.
3.5 pA
Fig. 6. Effect of pipette suction on the short open-time, stretch-activated K channel at the basolateral membrane of Necturus proximal tubule. Cell-attached
patch on an isolated tubule. Basement membrane was manually removed without the use of enzymes. Pipette: Na Ringer; Bath.- K Ringer, zero applied
potential. The open probability (P0) is a sigmoid function of applied tension. Curve was fit to equation 2 of the text using an effective stretch sensitivity
of 0.6 (cm H2O)
However, the assumptions of the model are less obvious, and
reflect our basic lack of information. For example, it is usually
assumed that increases in cell volume are associated with signif-
icant changes in membrane tension. However, most epithelial
cells possess multiple membrane infoldings that may change shape
during swelling without producing a real change in membrane
tension. Since we cannot visualize dynamic changes in cell surface
mophology during swelling of living cells, we can only guess at the
changes in membrane structure that are occurring.
Spherical cell model. Nonetheless, it is instructive to examine the
simplest model consisting of a spherical cell with no membrane
infolding. In this idealized case, the membrane tension on the
patch (Tn) that is associated with a specific increase in cell surface
area A can be described by a two-dimensional form of Hooke's
law [2]:
T = KA (.A! A) (Eq. 5)
where (A/A) is the fractional increase in membrane patch area,
and KA is the area elasticity coefficient. This latter parameter can
be estimated from the measured hydrostatic pressure and the
associated increase in relative area that produces membrane
breakdown (that is, lysis).
If the relative increase in surface area associated with cell
swelling is (NA), then the membrane tension in a normal
(unclamped) cell is T where:
T = KA(A/A).
The elasticity coefficient, KA is determined empirically, and
(A/A) is geometrically related to the relative change in cell
volume /.V/V, according to Equation 7:
/A\ / v\213
=
1 +--) —1 (Eq.7)
which follows directly from the equations for surface area and
volume of an ideal sphere.
Combining Equations 6 and 7, the cell tension associated with
a particular relative increase in cell volume (V/V) is:
/ v\2/3T = KA 1 + — 1 (F.q.8)
Even though Equation 8 represents the cell as an ideal sphere,
we can still use it to estimate the increase in cell volume that
would generate sufficient membrane tension, T, to activate SA
channels in an unclamped cell. If a 30 jim diameter amphibian cell
is hypotonically swollen by 1% (that is, V/V = 0.01), the relative
volume factor in Equation 8 becomes:
/ v\
+ —v) — 1 = (1.01)2/3 — 1 = 0.007 (Eq 9)
The elasticity coefficient KA for the "unclamped" cell can be
estimated by patching the cell and noting the maximum suction
that can be sustained by the membrane. In general, amphibian
proximal tubule cells can withstand 50 cm H20 in a cell-attached
patch of about 0.5 jim diameter. Assuming that cell lysis occurs
6 after a 3% increase in real area [59, 60], the KA for the whole cellk='-1 / is about 12 dyne/cm.
This elasticity coefficient can then be used to estimate the
membrane tension, T, that would occur in an "unclamped" cell
that was subjected to a 1% increase in cell volume. From
Equations 8 and 9, the membrane tension produced by the
increase in cell volume is:
T = 12.2 dyne/cm 0.007 = 0.09 dyne/cm (Eq. 10)
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Fig. 7. Cell-attached patches are mechanically
as well as electrically clamped. (A) Small patch
pipettes require a large change in volume to
produce sufficient tension in a cell-attached
patch to activate mechanosensitive channels.
(B) If the cell-attached patch were equal to
the diameter of the cell, SA channel activity
could be recorded with relatively small
changes in cell volume.
It turns out that this tension is sufficient to activate at least some
classes of SA channels. For example, SAK channels at the
basolateral membrane of amphibian proximal tubule can be
activated by 6 cm H20 negative pressure in patches of 0.5 rm
diameter. Applying Laplace's law to a hemi-spherical patch, 6 cm
H20 negative pressure is equivalent to a cell-attached patch
tension of:
Pd 698Odyne-cm2'0.5104cmT =
4 O.O7dyne/cm
Hence, the cell membrane tension (Tv) of 0.09 dyne/cm that is
generated by only a 1% increase in cell volume (Eq. 10) could be
sufficient to turn on SA channels in this preparation.
Mismatch problem between cell and pipette. If this is the case,
why is it usually necessary to swell cells by about 50% in order to
detect significant increases in P0? This apparent paradox arises
from the mismatch between the diameter of the cell-attached
patch and the diameter of the cell, and is illustrated schematically
in Figure 7. If it were possible to form gigaohm seals on half the
cell (Pipette B, Fig. 7), a 1% increase in cell volume would
produce sufficient tension in this "super patch" to activate mech-
anosensitive channels.
In practice, pipette tips larger than I .rm fail to form stable high
resistance seals on most cells. An important exception to this are
the giant patches that have been formed on cardiac myocytes [61].
It is not clear that the giant patch technique can be applied to
epithelial cells; however, it is certainly worth considering since it
would favorably increase the ratio of patch to cell diameter:
(d,/d), When single channel currents are recorded from patches
whose area is small compared to the cell surface area, the
mechanical constraints at the tight seal reduce the tension in the
cell-attached patch (Tn) in proportion to the ratio: (d1,/d). This
situation is expressed by equation [12], which follows directly from
Laplace's law and the requirement that both the unclamped
region of the cell and the section of membrane within the pipette
must experience the same hydrostatic pressure (P).
T, T2d d
Combining Equations 8 and 12, one can compute the actual
tension that a cell-attached patch experiences from a 60% in-
crease in cell volume (zV/V):
.lli+—T KA
f/
V)2/3
1R v
(0.5/30) 12.2 dyne/cm [(I + 0.6)2/3 — 1] = 0.08dyne/cm
(Eq. 13)
In other words, a 60% increase in relative cell area is required
to produce sufficient tension (> 0.07 dyne/cm) in a cell-attached
patch to turn on SA channels to the same extent as a direct
application of 6 cm H20 suction (see Eq. 11).(Eq. 11) Spheroblasts and vesicles. Although the use of giant patches [61]
would establish a more favorable ratio of patch area to cell area,
the details of single channel activation would be difficult to discern
in giant patches. Further clarification of the role of SA channels in
volume regulation could be obtained by studying vesicles whose
diameter was comparable to the tip diameter of standard patch
pipettes. In this regard, we have attempted to record osmotic
effects on single channel activity in 2 to 3 jrm diameter vesicles
formed by excision of cell-attached patches (containing SA-cat
channels) from Xenopus oocytes. The presence of a vesicle within
the pipette tip (as opposed to an inside-out patch) was verified by
low angle, high resolution imaging of the pipette. Vesicles were
also confirmed by the characteristic rounding of single channel
currents, which reflects the capacitance of a closed structure [62].
Mechanosensitive channel activity could be elicited from these
vesicles either by pipette suction or by a reduction in external
osmolarity. Within five minutes after a 50% decrease in bath
osmolarity, there was visible movement of the inner membrane of
the vesicle and an associated increase in P0 from 0 to 0.07 0.02
(N=5).
Lipid soluble mediators and membrane deformation. The process
of stretch-activation may mimic normally occurring physiological
regulators. For example, endogenous fatty acids seem to augment
the open probability of certain SA channels in a fashion similar to
membrane stretch. In Ehrlich ascites tumor cells, arachidonic acid
metabolites such as the leukotrienes activate a K conductance
pathway that seems to be essential for normal volume regulation
[63], It is also becoming apparent that fatty acids can activate
channels directly by processes that do not depend on the arachi-
donic acid pathways. For example, recent studies on vascular
smooth muscle cells have demonstrated a large conductance K
channel that is independently regulated by four types of stimuli:
calcium, voltage, stretch, and free fatty acids [64]. The demon-
stration of mechanosensitive channels with multiple agonists
[ A Volume = 60%
(Eq. 12)
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reinforces the possibility that membrane deformation might be an
important clue to a more general process of channel gating. Dual
activation by both free fatty acids and stretch was also observed
for a lower conductance K channel, isolated from smooth muscle
cells of toad stomach [28, 65, 66].
One hypothesis for fatty acid mediation of mechanotransduc-
tion is that physical deformation of the patch activates membrane
bound phospholipases. These release fatty acids from the bilayer
which could then directly gate the channel protein [67]. The
mechanism may involve binding of the fatty acid to the channel,
via a process similar to fatty acid activation of purified protein
kinase C [68—70]. It is equally possible that endogenous fatty
acids, released by stretch or cell swelling, indirectly affect P0 by
altering either membrane fluidity or the lipid environment of the
channel [67].
The cytoskeleton and stretch-activation. Given the intimate asso-
ciation between channels and the cytoskeleton [71, 72], it would
not be too surprising if suction forces were coupled to SA
channels via the cytoskeletal network. Early studies by Guharay
and Sachs found dramatic increases in the stretch sensitivity (0) of
mechanosensitive channels after treatment with a class of cytocha-
lasins, known to disrupt actin filaments [2].
The proximity of an actin-based cytoskeleton to Na channels in
A6 cells [73] suggests that the cytoskeletal network may be
essential for the proper regulation of at least some types of
channels. These structural data were reinforced by observations
that anything which increased the relative amount of short actin
filaments (cytochalasin D, exogenous actin + ATP, or gelsolin)
and increased Na channel open probability in A6 cells [73].
There are well known links between the cytoskeleton and
volume regulation in a variety of tissues. Disruption of cytoskel-
etal elements by cytochalasin B inhibits volume regulation in
Necturus gallbladder [74], rabbit proximal tubule [75], PC12 cells
[761, and Ehrlich ascites tumor cells [77]. This establishes a
tentative link between the cytoskeleton and membrane ion chan-
nels, at least in those cases where hypotonic volume regulation is
known to depend on electrolyte effiux through channels. In more
recent experiments, cytochalasin B not only disrupted volume
regulation but also activated mechanoserisitive channels and
decreased cellular content of K and Cl [311. One possibility is that
microfilaments are somehow involved in sensing changes in cell
volume and transmitting this information to specific ion channels.
Disruption of this network could have two simultaneous effects:
(1) a loss of ability to transmit volume or stretch information to
the ion channels, and (2) an increase in stretch sensitivity to the
point where the channel spends much more time in the open state.
Do mechanosensitive channels mediate cellular currents?
SA-cat, SA-non channels and macroscopic currents
It has recently been proposed that the phenomena of stretch-
activation may be dependent on the manner in which the high
resistance gigaohm seal is formed [78]. This hypothesis arose from
experiments that showed no correlation between activation of
single mechanosensitive channels and changes in macroscopic
currents [78]. Morris and Horn generalized this hypothesis to
suggest that the process of gigaseal formation artificially sensitizes
channels to mechanical stimuli. Although this issue is still in
dispute, it has provided an important stimulus for re-examining
mechanosensitive phenomena using a variety of tools.
In nystatin-permeabilized whole-cell recordings from isolated
opossum kidney cells, stepwise reductions in bath osmolarity
simultaneously increased both cell size, inward current, and total
conductance [80]. However, these whole-cell currents were not
completely blocked by gadolinium, although the cells possessed
SA channels that were readily activated by either pipette suction
or hyposmotic stress [31]. Since the opossum SA channels are
different from most SA-cat channels (by virtue of their anion
permeability), they also may not be directly blockable by gado-
linium. Alternatively, hyposmotic swelling may have more than
simply a mechanical effect on SA channels. For example, there is
some evidence that swelling alters the cytoskeleton in a way that
activates a membrane bound phospholipase C. The 1P3 produced
from this process would mobilize Ca from intracellular stores, and
the diacylglycerol produced would elevate protein kinase C, which
could, in turn, stimulate specific ion channels [46]. Diacylglycerol
could also function as a precursor in arachidonic acid metabolism.
Some of the end products of this pathway, such as the leukotrienes
may also gate specific K or Cl channels essential for RVD.
SAK channels and macroscopic currents
The absence of highly specific blockers for the different classes
of SA channels makes it difficult to attribute macroscopic currents
to SA channels with absolute certainty. We have sought to
circumvent the absence of specific blockers for SAK channels by
working with the amphibian proximal tubule, where all of the
demonstrable K conductance seems to be mechanosensitive. In
this preparation, a relatively unspecific blocker like barium can be
used to assess the amount of macroscopic current directly attrib-
utable to potassium channels.
In these experiments, isolated frog proximal tubule cells were
voltage clamped and the effects of glucose (GLU) and phenylal-
anine (PHE) on cell volume and whole-cell current were exam-
ined. Consistent with previous studies, both GLU and PHE were
cotransported with Na into proximal tubule cells. The principal
new finding was that cotransport of GLU and PHE with Na
increased both cell volume and barium sensitive current on about
the same time scale [81]. In 11 conventional whole-cell clamps,
isosmotic addition of 40 m glucose to the bathing solution
increased cell volume by 23 4% and increased barium-sensitive
(that is, K) conductance by 40 10%. Similar results were
obtained for isosmotic addition of PHE, and for addition of
cotransported, but non-metabolized, glucose analogs.
Figure 8 illustrates the current voltage relations for one of the
glucose experiments [81]. Only the region of negative cell poten-
tial (left of the ordinate) is meaningful because of a voltage-
dependent barium block at positive cell potentials (bending over
of the curves to the right of the ordinate). The linear portion of
the current-voltage relation (negative potentials) depicts both
inward and outward currents in the range of physiological mem-
brane potentials. The dashed line denotes the control state
(absence of transportable substrates), and the solid line denotes
the I-V relation after isosmotic replacement of NMDG-methane-
sulfonate by an equivalent amount of D-glucose. Although the
glucose-induced increase in barium-sensitive conductance was
relatively modest (33% in this case), each cell was used as its own
control and the differences were highly significant (P < 0.005).
The swelling associated change in conductance also occurred
without significant shifts in the barium-sensitive reversal potential,
Fig. 8. Effect of glucose on barium-sensitive
current in isolated frog proximal tubule cells.
The control I-V relation (dashed line) was
calculated as the barium-sensitive current in
the absence of external substrates. The solid
line labeled external glucose was calculated as
the barium-sensitive current after isusmotic
addition of 40 m external glucose. Each cell
served as its own control. The terms g0 and
ggtu refer respectively to the linear portions of
the barium-sensitive current in the absence
and presence of glucose. In all cases, the
pipette contained high K Ringer.
Fig. 9. Effect of hypotonic bath solutions on
whole-cell current from "uncoupled" Necturus
proximal tubule cells. Cells were uncoupled
with 0.6 mat octanol solutions. Electrical
isolation was verified by capacitance
measurement and lack of cell to cell
communication. Pipette contained 64 mat K-
methanesulfonate and bath contained 6.4 mM
K-methanesulfonate sucrose. Barium
sensitive currents were measured under
isotonic (dashed line) and hypotonic (solid
line) conditions. The decrease in bath
osmolarity was produced by removal of 100
mOsmolar sucrose.
indicating that addition of GLU and PHE do not alter channel
selectivity.
In another series of experiments, Necturus proximal tubule cells
were electrically uncoupled with 0.6 mat octanol and then sub-
jected to an abrupt change in bath osmolarity while recording
whole-cell currents. As illustrated in Figure 9, the decrease in bath
osmolarity at constant ionic strength (by removal of sucrose)
caused a significant increase in the barium sensitive whole-cell
conductance. Since barium-sensitive SAK channels have been
identified at the basolateral membrane of these cells [36, 39, 82,
831, the increase in macroscopic barium sensitive conductance can
be tentatively attributed to osmotic activation of these stretch
channels. In the region of positive cell potentials, any effect of
osmotic activation is obscured by the voltage dependence of the
barium block, similar to Figure 8.
A priori, the temporal association between cell swelling and
increased barium-sensitive conductance does not prove that the
increase in conductance is caused by mechanosensitive channels.
However, one can propose the following argument. Since all K
channels observed in amphibian proximal tubule cells are stretch-
activated and barium sensitive, all barium-sensitive macroscopic
currents can be attributed to SAKs. Use of the conventional
whole-cell technique in these experiments rather than the perme-
abilized patch procedure [79] effectively washes out diffusable
intracellular mediators that might link substrate transport to
increased K conductance (Fig. 10). Therefore, the substrate-
induced increase in G probably arises from a swelling-associated
deformation of the submembrane cytoskeleton or a direct change
in membrane tension. In this regard mechanosensitive K channels
would be the microscopic correlates of the macroscopic change in
G.
In some of the experiments, cells were specifically loaded with
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Fig. 10. Hypothetical model of the substrate-
induced increase in K conductance observed in
isolated, proximal tubule cells during voltage
clamp. Stippled regions within the cell denote
possible unstirred layers where osmolarity
transiently exceeds that of the bulk cytosol.
The cross-hatched region denotes a
submembranous cytoskeletal network that may
be altered by cell swelling. SA-cat refers to
stretch-activated, cation-selective channels
found at the apical membrane. Maxi K refers
to Ca-dependent, high conductance K
channels at the apical surface. SAK refers to
stretch-activated K channels.
high levels of ATP to exclude this substance as a possible
mediator. Therefore, the observed increase in macroscopic bari-
um-sensitive (K) conductance must be mediated by a "membrane-
linked" mechanism that does not depend on subtle changes in
cytosolic pH, or intracellular nucleotides (Fig. 10). This mecha-
nism could involve changes in P0 produced by the physical forces
of membrane deformation [56, 84] (Eq. 3), or by subtle changes in
the cytoskeleton that communicates cell size information to
specific ion channels. There is ample evidence that even excised
patches contain viable cytoskeletal elements. In any case, the
above results strongly suggest that SAKs underlie the increases in
macroscopic K conductance that accompany GLU and PHE
cotransport. This does not exclude other parallel processes that
may also increase K conductance in a way that does not depend on
SA channels. The whole-cell experiments described above were
designed to maximize cell-pipette equilibration and, therefore,
provide no information about chemically-mediated conductance
signals.
Concluding remarks
The Morris and Horn hypothesis [78] that the patch-clamp
technique hypersensitizes channels to stretch raises a more gen-
eral concern: is it ever possible to design a totally non-invasive
experiment? Intracellular electrodes, cell-attached patches, ex-
cised patches, whole-cell clamps, nystatin permeabilized whole-
cell clamps, all perturb the cell to some degree from its normal
state, not to mention the very process of cell isolation that
traumatically wrenches a cell away from its neighbors. Clearly,
giga-seal formation is not without its hazards to the cell. In
video-micrographs, the formation of a cell-attached patch is often
accompanied by much initial distortion of the membrane and
possible modification of the cytoskeleton [85, 86].
Ultimately, one is left with a sort of "biological uncertainty
principle" where the process of measurement itself disturbs the
system (even when dealing on a scale much larger than the
wavelength of light). It may be inevitable that the method of
forming gigaseals, which are necessary to observe single channels,
increases the stretch-sensitivity of those channels. Even if this
turns out to be the case, the pessimism of Morris and Horn is
unjustified [78]. Much useful information and insight can still be
gleaned from discovering how the patching process itself alters
channel gating. As more data become available on mechanosen-
sitive whole-cell currents and more selective blockers are utilized,
the function of stretch-activated channels will u'idoubtedly be
clarified.
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